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SULFUR RESISTANT SENSORS 

CROSS-REFERENCE TO RELATED APPLICATIONS 

The present application is based on and 
claims the benefit of U.S. provisional patent 
application Serial No. 60/392,347, filed June 28, 
2003, entitled Sulfur Resistant Sensors, the content 
of which is hereby incorporated by reference in its 
entirety. 

BACKGROUND OF THE INVENTION 

Process analytic systems are used in a 
variety of industries to sense the quantity and/or 
quality of one or more analytical parameters of 
interest. One example of such an environment is the 
combustion process itself. Combustion generally 
consumes a quantity of oxygen and an organic compound 
and provides, ideally, carbon dioxide and water. In 
the real world, however, combustion is often not 
totally complete. This leaves a relatively small 
quantity of unused non-combusted material referred to 
hereinafter as "combustibles" and/or unused oxygen. 
There are certainly other environments in which 
knowledge of the concentration of combustibles and/or 
oxygen is desirable, and aspects of the present 
invention described herein are usable in such 
environments as well. 

Many process analytic sensors use platinum 
and/or compounds thereof for sensing. Platinum 
provides a number of advantages in that it is 
generally highly robust in most analytic environments 
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and provides temperature sensitivity. Temperature 
sensitivity means that generally, as the temperature 
of platinum metal changes, the resistance thereof 
will change in a predictable manner. Accordingly 
platinum is a frequently used and effective material 
in high temperature process analytic environments, 
and is widely used in both combustible sensors and 
oxygen sensors . 

One potential drawback of platinum as a 
component of such sensors arises when sulfur- 
containing compounds are exposed to the sensor. Under 
reducing conditions, sulfur dioxide, for example, 
will react with combustibles present in a flue stream 
thereby forming gaseous sulfur in the following 
manner . 

S0 2 +2CO <-> S(g) + 2C0 2 
Gaseous sulfur subsequently reacts with 
platinum materials within the sensor forming volatile- 
mixed valence platinum sulfides as described by G. 
Zwingmann and E.M. Wenzel, Reaction of Sulfur and 
Sulfur Containing Substances With Pt, Rd and Pt/Rd 
Alloys, METALL. 25 (1971) 1121. The reaction with 
sulfur can lead to evaporation of platinum within the 
sensor especially when it is disposed on ceramic such 
as in the case of analytic oxygen sensors and can 
lead to rapid electrode deterioration within the 
sensors. 

With respect to prior art sensor 
electrodes, sulfur tolerance of composite electrodes 



-3- 



has been taught. For example, U.S. Patent No. 
4,702,971 teaches a sulfur tolerant composite cermet 
electrode for solid oxide electrochemical cells. 
These electrodes can include an oxide selected from 
the group zirconium, yttrium, scandium, thorium, rare 
earth metals, and mixtures thereof. More reliable 
mixed conducting materials have been developed based 
on f luorite-type oxide ion conducting solid 
electrolytes, i.e. based on ceria, having 
considerably higher ionic and electronic 

conductivity. A description of such materials can be 
found in a paper by P.Shuk /k M.Greenblatt and M. 
Croft, entitled "Hydrothermal Synthesis and 
Properties of the Mixed Conducting Cei- x Tb x 0 2 -x/2 Solid 
Solutions. CHEM. MATER. 11 (1999) 473. 

Providing process analytic electrochemical 
sensors that can withstand the high temperature 
environments of today 1 s industrial demands while 
simultaneously resisting the effects of sulfur in 
sulfur-containing environments would be a vast 
improvement to the art since sulfur is present, to a 
greater or lesser degree in many environments. 
Additionally, analytical sensors which last longer in 
such environments necessarily reduce the amount of 
technician time required to maintain the process and 
may even potentially reduce overall operation cost of 
the combustion operation. 
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Sulfur resistant sensors and a process 
analytic system employing such sensors are provided. 
Specifically three types of sensors are provided: 
calorimetric, potentiometric and mixed potential type 
potentiometric for combustible gas and oxygen. The 
sensors generally include a treatment or material 
that is adapted to increase the resistance of certain 
portions of the sensors to exposure to sulfur. In one 
aspect, an improved sulfur-resistant process analytic 
system includes a probe with one or more sulfur- 
resistant sensors therein coupled to a controller, a 
thermal control module, and a source of blowback gas. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a diagrammatic view of a 

combustible sensor in accordance with embodiment of 

the present invention. 

FIG. 2 is a diagrammatic view of a 

combustible sensor in accordance with an alternate 

embodiment of the present invention. 

FIGS. 3-6 are charts illustrating 

combustible sensor response, calibration and material 

stability. 

FIG. 7 is a diagrammatic view of an RTD- 
type combustible sensor in accordance with embodiment 
of the present invention. 

FIGS. 8-14 are charts of sensor response, 
stability, stability, cross sensitivity and field 
beta test. 
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FIG. 15 is a diagrammatic view of a sulfur- 
resistant oxygen sensor in accordance with embodiment 
of the present invention. 

FIG. 16 is a diagrammatic view of a sulfur- 
resistant oxygen sensor in accordance with an 
alternate embodiment of the present invention. 

FIGS. 17, 18 and 19 illustrate sensor 
material stability in sulfur-containing atmosphere as 
evidenced from X-ray diffraction. 

Fig. 20 is a diagrammatic view of a process 
analytic system in accordance with an embodiment of 
the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Embodiments of the present invention will 
be described with respect to specific types of 
electrochemical sensors and their particular 
adaptation for operation within sulfur containing 
environments. However, the invention is not limited 
to the embodiments described. 

Sulfur resistive combustible electrochemical sensor 

Combustible sensors typically include an 
oxide ion-conducting solid electrolyte and two or 
more electrodes with different catalytic activity to 
combustion reactions. All electrodes are exposed to a 
combustion exhaust stream and the sensor 
signal/potential between an inactive electrode 
(reference) and a catalytically active electrode 
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(working) for a given specie is proportional to 
specie concentration . 

One example of such combustible sensors is 
known is as a potentiometric solid electrolyte 
sensor. The zirconia based electrochemical oxygen 
sensors are typically used as a basis for measuring 
oxygen partial pressure in various combustion 
processes. These sensors can form the basis of an 
improved combustibles sensor as will be described 
below. The oxygen sensor will typically consist of 
two porous platinum electrodes deposited on opposite 
sides of a tube or disc-shaped zirconia electrolyte. 
The response of the sensor to the differential in 
oxygen partial pressure on the reference (exposed to 
the gas mixture with known oxygen partial pressure, 
e.g. air) and the process side (exposed to the 
analyzed gas) obeys the Nernst type equation of the 
following form. 

RT P P P 

EMF = — ln-^ + C =Slog-^+ C = 0.0496*7* log ^^ + C, 
4F P P P 

^ r r ref r reJ 1 ref 

where EMF is the measured electromotive force (is 
negative potential) , R is the gas constant, T is the 
absolute temperature, F is the Faraday constant and S 
= RT/4F = 0 . 0496*T is the cell slope, C is the cell 
constant, including different thermal and cell design 
effects . 
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When the electrodes within the sensor are 
exposed to the same gas atmosphere, the potential of 
the sensor will equal C and will be constant at fixed 
temperature if the electrode activities are equal. 
Using electrodes of different activities to the 
combustion reaction, allows a sensor to be designed 
for sensitivity to specific gas species. Platinum has 
traditionally been used for the sensors since 
platinum is a known catalytically active material. 
However, as described above, the presence of platinum 
in a sulfur containing flue exhaust stream can be 
susceptible to working electrode degradation in 
premature sensor failure. 

Fig. 1 is a diagrammatic view of a 
combustible sensor in accordance with embodiments of 
the present invention. 

Sensor 10 includes an oxygen ion-conducting 
solid electrolyte disc/plate indicated at 12 upon 
which are disposed reference electrode 14 and working 
electrode or process electrode 16. Electrolyte 12 is 
preferably doped zirconia, ceria, or bismuth oxide. 
As illustrated in Fig. 1, electrodes 14 and 16 are 
disposed on the same surface of the disc/plate 12. 
Reference electrode 14 is preferably constructed from 
material selected from the noble metal or oxide 
group, preferably gold (Au) with no catalytic action 
to the combustion reaction. Additionally, electrode 
14 can be constructed from doped lanthanoide 
chromite. Process electrode 16 is preferably 
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constructed from a material that is a catalyst to the 
combustion reaction and is exposed to the analyzed 
gas stream. Preferably, electrode 16 can be 
constructed from platinum or other electron/mixed 
conducting metals or metal oxide electrodes. More 
preferably, electrode 16 is constructed from a 
material selected from the f luorite or perovskite 
group of materials, and even more preferably is 
calcium or magnesium substituted lanthanum manganite 
or mixed conducting ceria. 

Fig. 2 is a diagrammatic view of an 
electrochemical combustible sensor in accordance with 
an alternate embodiment of the present invention. 
Sensor 20 includes disc 12, and electrodes 14 and 16 
disposed on opposite sides of disc 12. In both Figs. 
1 and 2, flue gas is exposed as indicated at arrow 
18. 

A sensor constructed in accordance with the 
description above can produce a thermal -EMF related 
to different temperature of the electrodes based on 
the concentration of combustibles exposed to the 
working electrode. The heat release in the combustion 
reaction on the working/active electrode will 
increase the temperature of that electrode relative 
to the reference electrode and a thermal -EMF of 10- 
200 millivolts, depending on the combustion species 
concentration will be produced. 

Combustible electrochemical sensors as 
described herein exhibit relatively high and 
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reproducible sensitivity to carbon monoxide in a 
relatively wide range of carbon monoxide 
concentrations. This behavior is illustrated in 
Figures 3 and 4 which provide charts of combustible 
sensor response to varying levels of carbon monoxide. 
Fig. 5 illustrates an added benefit of an embodiment 
of the present invention. Specifically, 

electrochemical combustible sensors in accordance 
with embodiments of the present invention exhibit 
desirable sensitivity at lower carbon monoxide 
concentrations, particularly in the . range of 5-50 
parts per million. Adjusting the specific area of the 
working electrode provides the sensor with a high 
sensitivity to different carbon monoxide ranges, as 
desired. The sensor materials, e.g. zirconia and 
gold, are also known to be stable in high sulfur 
environments. The tests of manganite process 
electrode indicate that any change in the structure 
after exposure after sulfur dioxide at 1,000°C for 
two weeks (Fig. 6) is both stable and reproducible in 
response to carbon monoxide in high sulfur 
environments, as opposed to platinum-containing 
combustible sensors . 

Sulfur resistive RTD type combustible sensor 

Another form of combustible sensor is that 
based on resistance temperature devices (RTD) . In 
accordance with one embodiment of the present 
invention, an improved combustible sensor includes 
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two RTDs covered by a metal (preferably stainless 
steel or Inconel) one-ended closed protector tubes, 
one with catalyst (such as platinum) and another with 
or without a reference film. The reference and the 
catalyst RTD's are exposed to the exhaust stream and 
the sensor signal is based upon the resistance 
difference between the reference and catalyst RTD for 
the given specie. The difference in resistance 
between the reference and catalyst RTD due to the 
heat released in combustion reaction on catalyst RTD 
is proportional to the specie concentration. The 
sensor is designed to be stable in sulfur containing 
atmospheres and is accordingly not sensitive to 
oxides of sulfur. 

In the past, combustible sensors have 
employed the concept of comparing the temperature 
differential developed between a reference junction 
and a catalyst junction using thermocouples or 
thermopiles. For example, see U.S. Patent 4,141,955, 
which discloses a combustible concentration analyzer. 
However, more sensitive combustible sensors can be 
built, in accordance with embodiments of the present 
invention using appropriate catalysts for the 
combustion reaction maintained in direct contact with 
the protective cover of the RTDs as well as an 
optional reference RTD for temperature control. The 
difference between the two reference and catalyst RTD 
signals, will then be directly correlated to the 
combustible concentration. 
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The concept of using temperature change of 
a gas as it passes through a catalyst bed as an 
indicator of content of a gas mixture is known. For 
example, U.S. Patent No. 3,488,155 teaches using a 
temperature difference on a hydrogenat ion catalyst 
bed that can be related to hydrogen content of an 
incoming gas stream. U.S. Patent No. 5,314,828 
suggests using a N0 X sensor and process for detecting 
N0 X using a suitable catalyst and different 
temperature measuring devices (i.e. thermocouples and 
RTDs) . However, none of these materials actually 
. suggest using a process or apparatus in which a 
catalyst sensor element is actually used to detect 
combustibles, nor teach the functionally specific 
configuration of an RTD system and catalyst film 
sensor elements. Further, none of the disclosures 
listed above, nor in the prior art, suggest using 
such a sensor in a sulfur containing atmosphere and 
ensuring that such sensor is not sensitive to S0 2 - 

Some embodiments of the present invention 
provide a combustible sensor, and more particularly, 
an RTD- type sensor. Preferably, the RTD sensing 
element used in accordance with embodiments of the 
present invention consists of a wire coil or 
deposited film of pure metal that has a resistance 
that increases with temperature in a known and 
repeatable manner. 

Fig. 7 is a diagrammatic view of a RTD-type 
combustible sensor in accordance with embodiments of 
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the present invention. Sensor 3 0 includes holder 3 2 
having catalyst 34 and reference 36 RTD elements. RTD 
elements 34 and 36 are thermally insulated from 
holder 32 by cement, Teflon, or a suitable high 
temperature epoxy as indicated at reference numeral 
38. Holder 32 may be constructed from any suitable 
material that is able to support RTDs 34 and 36, but 
is preferably metal or a ceramic that is stable in 
the sensor application conditions. RTD elements 34 
and 36 may be used in either the film or wire form, 
or any other suitable form and are preferably sealed 
in a protective cover that is preferably constructed 
of stainless steel. Thermal contact between RTD 
elements 34 and 3 6 and the RTD cover may be 
facilitated by using a thermoconductive material, 
such as a thermoconductive powder, cement, or epoxy 
as indicated at reference numeral 40. RTD elements 34 
and 36 are sealed at a leading end with cement, or 
high temperature epoxy as indicated at reference 
numeral 42. The electrical leads coupling to RTDs 34 
and 36 allow the variable physical signal 
corresponding to the temperature change of the device 
to be measured. A thin film of catalyst 44 is applied 
to the cover of catalyst RTD 34, while the cover of 
reference RTD 3 6 remains uncovered or protected by a 
ceramic film. Preferred catalysts include Group VIII 
noble metal catalysts, such as platinum, palladium, 
and rhodium and mixtures as well as metal oxide 
combustion catalysts. Other suitable catalysts 
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include perovskite or hopcalite. Catalytic film 44 
can also be made from solution, paste or powder and 
applied using thick or thin film techniques. The 
layer of the catalytic element is preferably 
relatively thin in order to promote conduction of the 
combustion heat to RTD element 34. The two RTD 
elements 34 and 36 are preferably placed in similar 
flow regions in the measured gas and have relatively 
close thermal mass/ surface area and aerodynamic 
shape . 

Figures 8-14 illustrate sensor sensitivity, 
accuracy, reproducibility, linearity, as well as 
stability in varying environments. 

In summary, embodiments of the RTD- 
combustible sensor listed above preferably provide a 
functionally specific configuration of catalytic and 
reference elements having integral RTDs. The 
catalytic element has on its outside cover a 
catalytic film and relatively good thermal contact 
within a temperature measuring device. Both the 
catalytic RTD and the reference RTD are thermally 
isolated from each other and the catalyst is selected 
and merged with the RTD so that carbon monoxide, CO, 
(or other combustible species) are selectively 
oxidized to carbon dioxide, C0 2 , on the catalyst 
surface. The catalyst and RTD cover should be in 
contiguous physical proximity and constructed to 
retain most of the heat of the combustion reaction on 
the catalyst film surface and adapted to transfer 
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that heat to the RTD sensing element. The temperature 
of the catalyst RTD element is converted to an 
electrically measurable signal, i.e., voltage, 
current and is compared to the analogous signal from 
the reference RTD element. The signal difference is 
accordingly proportional to the combustible 
concentration in the measured gas mixture. 

Sulfur resistive oxygen sensor 

Oxygen sensors and more particularly, 
potentiometric solid electrolyte oxygen sensors are 
known. Such sensors typically employ zirconia and are 
widely used in industrial applications for measuring 
excess oxygen partial pressure in various combustion 
processes. In one commercially available oxygen 
sensor, two porous platinum electrodes are deposited 
on opposite sides of a disc-shaped zirconia 
electrolyte. The response of the sensor to a 
differential in oxygen partial pressure on the 
reference (exposed to the gas mixture with known 
oxygen partial pressure, e.g., air) and the process 
side (exposed to the analyzed gas) obeys the Nernst 
type equation listed earlier in the Specification. As 
discussed above, the presence of platinum in a high 
sulfur environment leads to a degradation of the 
platinum electrode from the ceramic as well as rapid 
electrode deterioration. For the effective working 
electrode of the oxygen sensor, it is important that 
equally high electronic and ionic conductivities are 
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provided in order to achieve a maximum of oxygen flux 
through the electrode. Mixed conducting oxides based 
on zirconia have been used in electrodes to improve 
the performance of electrochemical cells. For 
example, see U.S. Patent No. 3,578,502, which 
discusses a stabilized zirconium oxide electrode for 
a solid electrolyte fuel cell. The structural and 
chemical integrity as well as the high thermal 
expansion coefficient (greater than 20xlO~ 6 K _1 are 
generally limiting factors for the application of 
acceptor-doped perovskite oxides Ln^xAxCOi-yByOa. 
5A (a=Ca, Sr , Ba; B=Fe, Cu,Ni,Mn) with very high 
electronic and significant ionic conductivity. These 
properties are discussed in the CRC Handbook of Solid 
State Electrochemistry by P.J. Gellings and H.J.-M. 
Bouwmeester (Eds.), CRC Press, Boca Roton-New York- 
London-Tokyo (1997) 615 pp. 

In the past, sulfur tolerant composite 
electrodes based on oxides selected from the group of 
zirconium, yttrium, scandium, thorium, rare earth 
metals, and mixtures thereof were proposed. However, 
it is believed that more reliable mixed- conducting 
materials could be developed based on f luorite-type 
oxide ion conducting solid electrolytes, i.e. based 
on ceria, having considerably higher ionic and 
electronic conductivity. It is believed that 
electrodes based on these materials will be much more 
effective at having lower polarization resistivity. 
However, in the prior art, mixed conducting materials 
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based on f luorite-type oxide ions have heretofore not 
been disclosed as being usable in sensors and 
particularly not in high sulfur resistive oxygen 
sensors, nor has information about the mixed 
conducting electrode and film properties with respect 
to such sensor has been provided. 

In accordance with an embodiment of the 
present invention, an oxygen sensor consists of a 
solid electrolyte ceramic, consisting of mostly 
stabilized zirconia and two electrodes disposed 
thereon. The physical structure of the sensor is 
illustrated in Figs. 15 and 16. Fig. 15 illustrates 
sensor 50 having a solid electrolyte ceramic 52 upon 
which are disposed reference electrode 54 and 
working/process electrode 56 . Reference electrode 54 
is exposed to a gas with a known partial pressure of 
oxygen, e.g., air and is preferably constructed from 
a metal chosen from the noble metal group (more 
preferably platinum) . Process/working electrode 56 is 
exposed to the analyzed gas stream and is a mixed 
ionic/electronic conductor chosen from the ceria 
containing fluorite group of materials (preferably 
terbium or praseodymium stabilized ceria) . 

Fig. 16 is a diagrammatic view of an 
improved solid electrolyte oxygen sensor in 
accordance with an alternate embodiment of the 
present invention. Sensor 60 includes reference 
electrode 64 and working/process electrode 66 
disposed on opposite sides of solid electrolyte 62. 
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As with sensor 50, the working/process electrode 66 
is preferably constructed using a mixed 
ionic/electronic conductor chosen from the ceria 
containing fluorite group of materials (preferably 
terbium or praseodymium stabilized ceria) . 

Fig. 17 illustrates X-ray diffraction 
measurements showing that there is no transformation 
of the fluorite structure nor phase separation of 
Ce0 2 , TbOi.75 or sulfite/sulfide formation after two 
weeks of heat treatment at approximately 1 / 000°C in 
the air or with exposure to sulfur dioxide (S0 2 ) . 

Fig. 18 is an AFM topographical image of a 
Ceo.80Tbo.2O1. 90+5 film sample sintered at approximately 
1,300°C illustrating relatively small particles of 
uniform size, approximately 0.3-1 micrometer (pm) and 
very dense microstructure . As expected, these 
particles are considerably larger than those of the 
"as prepared" powder by the known hydrothermal method 
(approximately 20-50 nm) . 

Fig. 19 is a diagrammatic chart 
illustrating impedance of an oxygen sensor with 
platinum electrodes and a mixed conductive working 
electrode. 

Fig. 20 is a diagrammatic view of a process 
analytic system in accordance with an embodiment of 
the present invention. System 300 includes improved 
sample probe 3 02 thermally coupled to thermal control 
system 3 04; electrically coupled to embedded 
controller 3 08; and fluidically coupled to blowback 
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system 306. Probe 302 may contain any of the sulfur- 
resistant sensors described above, and preferably 
contains both an oxygen sensor and a combustibles- 
sensor. Probe 302 is preferable constructed within a 
particulate filtered enclosure such as those 
available from Mott Corp. of Connecticut. Within 
enclosure 310, the preferably multiple sensor element 
312, 314 are preferably disposed on a plurality of 
concentric cylindrical members. Each of sensors 312, 
314 is coupled to embedded controller 308, which is 
preferably an embedded PC controller such as the 
PC/104 Standard Controller. 

Probe 302 is also coupled to thermal 
control system 304 to maintain probe 302 at a desired 
temperature. While system 304 is illustrated external 
to probe 302, it may be disposed within or integral 
with probe 302. Thermal control system 304 includes a 
heating element (not shown) and a temperature sensor 
(not shown in Fig. 20), that is used to provide an 
indication of probe temperature. Since some 
embodiments of the sensors described herein include 
thermally sensitive elements, it is contemplated that 
the temperature sensing function of thermal control 
module 3 04 can be performed with temperature sensor 
already present within probe 302. 

Blowback system 306 is fluidically coupled 
to probe 310 and is used to periodically reverse gas 
flow through the probe to thereby dislodge any built- 
up particulate matter on probe 302. Preferably 



blowback system 306 includes its own thermal control 
system, or other means of controlling the blowback 
gas temperature such that blowback gas is 
temperature-matched to the probe temperature to 
minimize thermal shock to probe 3 02 during blowback. 

The system illustrated in Fig. 20 provides 
high level system functions in a robust manner and 
can withstand sulfur-containing environments 
effectively. The high level functions of embedded 
controller 308 and the fact that it is coupled to 
probe 3 02, thermal control module 3 04 and blowback 
system 306, allow the system to be easily calibrated 
for zero and span. Further, the advanced processing 
abilities of controller 308 facilitate the provision 
of diagnostics that may potentially identify probe 
deterioration or failure more effectively. 

Although the present invention has been 
described with reference to preferred embodiments, 
workers skilled in the art will recognize that 
changes may be made in form and detail without 
departing from the spirit and scope of the invention. 
For example, intermediate materials can be used in 
the construction of the structures disclosed herein 
to enhanced the compatibility of the material's 
coefficients of thermal expansion, thereby reducing 
the possibility of thermally induced stresses and 
potential cracking/fractures. 



